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We show within the slave boson technique, that the Anderson lattice model exhibits a Kondo
breakdown quantum critical point (KB-QCP) where the hybridization goes to zero at zero temper-
ature. At this fixed point, the f-electrons experience as well a selective Mott transition separating a
local-moment phase from a Kondo-screened phase. The presence of a multi-scale QCP in the An-
derson lattice in the absence of magnetism is discussed in the context of heavy fermion compounds.
This study is the first evidence for a selective Mott transition in the Anderson lattice.
PACS numbers: 71.27.+a, 72.15.Qm, 75.20.Hr, 75.30.Mb
Quantum criticality in heavy-electron materials has at-
tracted a substantial interest recently, mainly triggered
by the remarkable metallic properties of these compounds
[1]. The observation of anomalous exponents in both
transport (exponents for the temperature dependence
of the resistivity less than two) and thermodynamics (
the specific heat coefficient doesn’t saturate at low tem-
peratures) contradicts the universal predictions of the
Landau Fermi liquid theories of metals [2, 3]. It has
been suggested early that deviations from the Landau
theory of metals can be explained by the proximity to
a zero temperature phase transition, or QCP. Close to
such a fixed point, the interactions with quantum criti-
cal massless modes substantially shorten the conduction
electron lifetime at the Fermi surface, affecting the ob-
servable properties of the metal. Since heavy fermion
compounds are strongly metallic and magnetic materials,
QCPs towards itinerant antiferromagnetism (AF) have
been first studied [4, 5, 6, 7]. Although they destabilize
the Fermi liquid, quantum fluctuations in that case are
not strong enough to explain both quasi-linear resistiv-
ity and anomalous thermodynamics properties in 3D. A
new class of theories have then emerged [2, 8, 9]. Re-
lying on Doniach’s [11] observation that the Kondo ef-
fect and the anti-ferromagnetism are in competition in
the Kondo lattice, these authors suggested that, at the
magnetic QCP, another energy scale vanishes called “ef-
fective Kondo temperature”. This new scale signals the
breakdown of the heavy electron metal. Recently, this
scenario of two energy scales vanishing congruently at
the same point in the phase diagram has been challenged
in another direction. A candidate for the Kondo break-
down quantum critical point (KB-QCP) has been found
in the Kondo-Heisenberg lattice model [10, 12, 13] as a
fixed point for which the hybridization between impurity
electrons and conduction electrons vanishes. This new
fixed point is intrinsically multi-scale[13]. Two distinct
regimes are distinguished. Below a small energy thresh-
old E∗ which depends on the f- and c- electron band
structure (the typical value of E∗ ranges from 1 mK to
100 mK) thermodynamics and transport are dominated
by gauge fluctuations [10]. The fluctuations of the order
parameter admit a dynamical exponent z = 2. Above the
scale E∗, the fixed point exhibits marginal Fermi liquid
behavior in D = 3 (with a dynamical exponent z = 3).
In this intermediate energy regime the resistivity varies
like TLogT . An important observation is that the Kondo
breakdown relies on the presence of short range antifer-
romagnetism, which provides a small bandwidth for the
f-electrons. Below a certain value of the Kondo inter-
action JK , the dispersion of the f-electrons de-stabilizes
the formation of the heavy metal towards a spin-liquid
phase. In view of the above observation, there is no rea-
son why, upon inclusion of magnetism into the model,
the AF quantum critical point should coincide with the
Kondo breakdown. The mean-field phase diagram rather
suggests that the KB-QCP is generically situated under
the AF dome (or as well under any other kind of insta-
bility, like superconductivity). Although it is not clear at
the moment how the low energy regime of the KB-QCP
survives the presence of nearby ordered phases, the inter-
mediate energy regime, with linear resistivity, is expected
to be a robust feature of the phase diagram.
In this Letter we address the issue of the stability of the
KB-QCP towards charge fluctuations. Our main finding
is that, in a slave-boson formulation, the KB-QCP coin-
cides with a selective Mott transition for the f-impurities.
Our study is the first evidence for a selective Mott transi-
tion in the Anderson lattice. In real heavy fermion com-
pounds, the number of f-electrons per site is not directly
tunable; the valence of the impurities is allowed to fluctu-
ate. It is commonly believed that compounds showing a
large effective mass (of the order ofm∗ ≃ 100me or more)
are in the heavy fermion regime where the charge of the
f-impurities is frozen. It is not clear however, whether the
existence of the KB-QCP is affected by valence fluctua-
tions. To answer this question we study the Anderson
lattice model (where charge is allowed to fluctuate on
the f-impurities) with a small dispersion of the f-band.
The situation is similar to the one encountered in the t-J
2model of cuprate superconductors at half filling (δ = 0
) [14, 15], where the spin liquid phase obtained through
a slave-boson formalism is believed to describe the Mott
insulating state of the conduction electrons. In the An-
derson lattice however, the hybridization between the im-
purity band and the conduction electron band is driven
continuously to zero at the Mott transition, driving the
system through the KB-QCP.
The possibility of a selective Mott transition in the
Anderson lattice has been previously investigated in the
context of single site DMFT[16]. These authors find
that, at zero temperature, an infinitely small amount
of hybridization destabilizes the Mott transition towards
Kondo screening. At finite temperature, a first order
transition terminated by a critical end-point is obtained.
Our results can be reconciled with those of [16] by notic-
ing that single site DMFT doesn’t account for short-
range spin liquid effects. As such, the hybridization can-
not be continuously tuned to zero within this technique.
Our simple analysis suggests that when lattice effects are
taken into account, the critical end-point of the Mott
transition is tuned to zero for a critical value of the hy-
bridization. We have also studied the effect of a Coulomb
repulsion Ufc between the conduction electrons and the
impurity band. Within our technique Ufc doesn’t desta-
bilize the KB-QCP.
We start with the Anderson lattice model with a small
dispersion of the f-band
H =
∑
〈i,j〉σ
(
c†iσtijcjσ + f˜
†
iσ(αtij + E0δij)f˜jσ
)
(1)
+
∑
i,σ
(
(V f˜ †iσciσ + h.c.) + Un˜
2
f,i + Ufcn˜f,inc,i
)
,
where α is a small parameter, σ is the spin index be-
longing to the SU(N) representation, tij = t is the hop-
ping term taken as a constant, V is the hybridization
between the f- and c- bands, E0 is the energy level of
the f-electrons. n˜f,i =
∑
σ f˜
†
iσ f˜iσ and nc,i =
∑
σ c˜
†
iσ c˜iσ
are the operators describing the particle number. We
first study (1) in the limit of very large on site coulomb
repulsion U. In the U →∞ limit we account for the con-
straint of no double occupancy through a Coleman[17]
boson f˜ → fb† enslaved to a constraint on each site∑
σ f
†
iσfiσ + b
†
i bi = 1[18]. Upon this transformation the
effective Lagrangian writes
L =
∑
〈i,j〉σ
(
c†iσ(∂τ δij + t)cjσ
+ f †iσ(biαtb
†
j + (∂τ + E0 + λ)δij)fjσ
)
+
∑
i
b†i (∂τ + λ) bi − λ+
∑
〈i,j〉
JSfi · Sfj (2)
+
∑
i,σ
(
(V f †iσbiciσ + h.c.) + Ufcnf,inc,i
)
,
300 350 400
V
0
50
100
150
200
250
300
En
er
gy
f-chemical potential
Effective hybridization 
Effective hybridization and f-chemical potential
b V
ef
FIG. 1: Effective hybridization V b and the f-band chemical
potential ǫf = E0 + λ as a function of V. The electron band-
width is D = 1000. The chemical potential µ = 0, the ratio
of f- and c- masses is α = 0.1. β = (2α2t)/U = 0.01 and
the f-energy level E0 = −500. The mean field equations are
solved for N = 2.
where J = 2(αt)2/U , Si =
∑
αβ f
†
ασαβfβ with σ the
Pauli matrix. nf,i =
∑
α f
†
αf
α is the density opera-
tor. The constraint has been implemented through a
Lagrange multiplier λ. The term JSfi · Sfj is gen-
erated through super-exchange mechanism, as in the
t-J model for the cuprate superconductors. It is in-
sensitive to the slave bosons. To proceed we make a
static approximation where the phase of the slave bosons
is frozen. The super-exchange term is decoupled in
the uniform-RBV (Resonating Valence Bound) channel,
which renormalizes the f-dispersion at the Hartree-Fock
level, JSfi ·Sfj → f
†
i βtfj . β is roughly constant through
the phase diagram[13] and can be approximated by its
value at the KB-QCP
β =
J
t
=
2α2t
U
. (3)
The fc- Coulomb repulsion is decoupled using a Hubbard-
Stratonovich field ~ϕ such that Ufcnf,inc,i → ~ϕi ·
c†iα~σαβfiβ +ϕ
2/Ufc. In k-space the mean-field equations
write
T
∑
k,σ,n
bαǫkGff (k, iωn) + V T
∑
k,σ,n
Gfc(k, iωn) + bλ = 0 , (3.a)
T
∑
k,σ,n
~σGfc(k, iωn) + ~ϕ/Ufc = 0 , (3.b)
T
∑
k,σ,n
Gff (k, iωn) + b
2 = N/2 , (3.c)
where ǫk is the dispersion of the c-electrons, ǫ
0
k = αb
2ǫk+
βǫk + E0 + λ is the dispersion of the f-band[20]. Gff
and Gfc are obtained by diagonalizing the hybridized
f- and c- bands. We first set Ufc = 0 leading to ϕ =
0 from Eqn( 3.b). As depicted in figure 1, the set of
mean-field equations admits a QCP where b → 0 which
3T ≫ E∗ Cv ∆ρ(T ) χ(T )
D = 3 −TLog(T ) −TLog(T ) T 4/3
D = 2 T 2/3 T 2/3 −TLog(T )
TABLE I: Transport and thermodynamic exponents in the
Maginal Fermi liquid regime around the KB-QCP. The expo-
nents are in agreement with those of Ref.[13].
implies that nf → 1 as the effective hybridization V b
goes to zero. At nf = 1, the impurity band is half-filled
and the f-electron experience a Mott transition towards
a local state. From (3.a) we notice that, at the fixed
point, V T
∑
k,σ,nGfc(k, iωn) = V
2ρ0Log(β) with ρ0 the
density of states of the c-electrons. This leads to the
standard Kondo scale
βc = Exp
[
E0
Nρ0V 2
]
, (4)
where N is the degeneracy of the f-electrons. In order
to reach continuously the QCP it is crucial that the spin
liquid parameter β remains finite through the phase dia-
gram.
We turn now to the fluctuations in the quantum critical
regime. In a large N expansion, the fluctuation spectrum
is in the same universality class as the KB-QCP of the
Kondo-Heisenberg model[13]. We recall here the results
obtained in this paper. The KB-QCP exhibits a multi-
scale behavior, with z = 2 dynamical exponent below
E∗ ≃ 0.1(q ∗ /q)3βD, where q∗ = |kfF − k
c
F | is the differ-
ence of the Fermi level of the two species. Above E∗, the
physics is dominated by dynamical exponent z = 3 and
non Fermi liquid behavior is obtained. The results are
summarized in Table 1. Note that the specific heat coef-
ficient has the same power law dependence as the correc-
tions to resistivity. This striking property stems form the
observation that in the Mott state, the f-impurities form
a reservoir. The spin liquid description of the Mott state
ensures (through gauge invariance) that, at the QCP,
vf (r) = 0 at each site. In a scattering process with the
f-impurities, the momentum of the light conduction elec-
trons can decay into the reservoir formed by the heavy
f-fermions. Hence, although the boson propagator ad-
mits z = 3 ( like in the proximity to a ferromagnetic
QCP) the transport lifetime has no extra temperature
factor compared to the electron lifetime.
In order to study the effect of Ufc on the QCP, it is
enough to keep the component of ~ϕ ‖ z in (3.b). Defining
Πfc such as T
∑
k,n,σ Gfc = (bV + ϕ)Πfc, and using the
change of variables ϕ˜ = bV + ϕ, Eqn (3.b) writes
ϕ˜Πfc + (ϕ˜− bV )/Ufc = 0 . (5)
To answer the question of a possible first order transi-
tion in ϕ˜, we use (3.a) for solving for Πfc, obtaining
ϕ˜0 = V − UfcE0/V . The effective mass for the ϕ˜ field
mϕ˜ = E0/(V
2 − UfcE0) + 1/Ufc is always positive, thus
no first order field driven transition is present. However
Ufc shifts the QCP, leading to
βc = Exp
[
E0
Nρ0(V 2 − UfcE0)
]
. (6)
Eqn(6) interpolates between (4) for Ufc ≪ −V
2/E0 to
β = Exp [−1/(ρ0Ufc)] for Ufc ≫ −V
2/E0. Note that va-
lence transitions are known to occur in the mixed valent
regime [21].
To get a deeper insight into the problem, we study
the Mott transition as a function of U via four Kotliar-
Ruckenstein slave bosons[22]. Since no qualitative
changes obtains from the inclusion of Ufc, we pro-
ceed with the model at Ufc = 0. A set of four cre-
ation(annihilation) operators are introduced e†i (ei), p
†
iσ
(piσ), d
†
i (di) which describe respectively zero, one or two
electrons at the site “i”. The enlarged Hilbert space is
restricted by two constraints
∑
σ p
†
iσpiσ + e
†
iei+ d
†
idi = 1
and f †iσfiσ = p
†
iσpiσ + d
†
idi. The Lagrangian (2) with
Ufc = 0 then takes the form
L =
∑
〈i,j〉,σ
[
c†iσ
(
(∂τ − λ
(1)) δij + t
)
cjσ (7)
+ f †iσ(z
†
iσαtzjσ + βt+ (∂τ + E0 + λ
(2)
σ )δij)fjσ
]
+
∑
i
[
e†i (∂τ + λ
(1))ei + d
†
i (∂τ + U + λ
(1) − λ(2)σ )di
+
∑
σ
p†iσ(∂τ + λ
(1) − λ(2)σ )piσ
]
+ V
∑
iσ
(
f †iσziσciσ + h.c.
)
,
where ziσ = (1 − d
†
idi − p
†
iσpiσ)
−1/2(e†ipiσ + p
†
i−σdi)(1 −
e†iei − p
†
i−σpi−σ)
−1/2. The form of ziσ ensures that for
U = 0, the average 〈z†iσziσ〉 = 1. The set of mean-field
equations is obtained by treating the slave -bosons in a
static and uniform approximation and by differentiating
the free energy with respect to λ(1),λ
(2)
σ , e,pσ,d. The
result is shown in Figure 2. First, let’s fix the value of
U. At U ≥ −E0, one reaches a KB-QCP for increasing
values of V . At low V the system is in the Mott phase
where the impurities are localized, while above V = Vc a
finite hybridization sets in, driving the system to a heavy
metal fixed point. Alternatively fixing V , one obtains a
line of critical points for
Uc = α
2t Exp
[
−E0
Nρ0V 2
]
. (8)
For U ≤ Uc we are in the Mott phase while for U ≥ Uc
we are in the heavy metal phase. The fact that Mott
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FIG. 2: Zero temperature (Log(U), V )-phase diagram using
four Kotliar-Ruckenstein bosons. In the intermediate region
the f-ipurities undergo a Mott transition. The electron band-
width is D = 1000. The chemical potential is taken to be
µ = 0, the ratio of f- and c- masses is α = 0.1 and the f-
energy level E0 = −500. Here we take N = 2.
phase breaks up at high values of U follows the obser-
vation that the spin liquid parameter J = 2(αT )2/U ,
which is necessary to stabilize the Mott phase, decreases
when U increases. Following [16], in the Anderson lat-
tice with no spin liquid (β = 0), the Kondo hybridization
always destabilizes the Mott phase towards a screened
heavy metal. Here, the higher V is, the lower is the crit-
ical Uc at which the KB-QCP occurs. For U ≪ −E0 the
Mott transition breaks down. From DMFT studies[23],
the U = −E0 line is expected to be of first order. Note
also that for V = 0 the Mott state extends to all values
of U ≥ −E0, in agreement with previous studies of the
half-filled Hubbard model [24].
We turn now to the discussion of our results in the light
of quantum criticality in heavy fermions. In the standard
scenario, AF fluctuations compete with the formation of
the Kondo singlet, thus preventing the formation of the
heavy metal [2, 8]. Although it has been shown that the
one impurity Kondo screening is inhibited by AF fluctua-
tions [25, 26], in the Kondo lattice, however, the question
of whether AF fluctuations are strong enough to destroy
the heavy Fermi liquid remains open. If the standard
scenario is correct, the Kondo breakdown should occur
at the point in the phase diagram where AF fluctuations
are maximum, namely at the AF QCP. Alternatively our
study suggests that the Kondo breakdown occurs at the
point where the f-impurities are subject to a selective
Mott transition. Within our study, a small non vanishing
dispersion of the spinon band is the necessary and suf-
ficient condition for the existence of the KB-QCP. The
second scenario thus relies on the presence of a spin -
liquid component of the short AF fluctuations at the
Mott transition. The question of the validity of the spin
liquid description of the Mott transition dates from the
early days of high Tc superconductivity with the idea
of Resonance Valence Bond (RVB) around half filling in
the Hubbard model[14]. Studies of frustrated magnetism
have concluded that, in the absence of charge fluctua-
tions, spin liquid phases can be induced by frustration
[27]. However, no mixed phase consisting of AF and spin
liquid has been found. In the presence of charge fluctu-
ations, like around zero doped cuprate superconductors,
it is still unclear whether a short range RVB state exists
or not[24]. Our study of the Anderson lattice provides
us with a situation where charge fluctuations are strong
(through coupling to the conduction band), rendering the
occurrence of the spin liquid more favorable. The pres-
ence of the selective Mott transition in this model is thus
a direct test for the existence of a short range RVB spin
liquid, stabilized by charge fluctuations.
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